Final report on the supplementary comparison Euramet.M.P-S7
Introduction
An The participants had all primary pressure standards and it was linked to a key comparison only at 0.9 Pa. Some of the participants had to withdraw at least part of the results due to anomalies. A new comparison in that field was motivated by NMI's working with transfer standards as well as by NMI's which encountered problems in the EUROMET.M.P-K-1 project.
Participating laboratories.
Seven laboratories, including the pilot, took part to the comparison. The equipment used by the participants cover all the possibilities available for the definition of the pressure scale of the comparison. Some of the participants had already CMC listed for the domain of the comparison while other participants wanted to claim new CMC based on the result of this work.
The following table gives a short form of the situation of the participants at the time of the comparison. 
Primary pressure laboratories

INRIM
INRIM has the traceability through two primary pressure standards. The continuous expansion system (CES) between 1·10 -4 Pa and 9·10 -2 Pa.
The static expansion system (SES) between 9·10 -2 Pa and 9·10 -1 Pa.
In the measurements performed by CES, the residual drag was determined by the first option of the protocol, using a polynomial approximation versus the frequency in all the range of the rotation speed.
In the measurements carried out by SES, the residual drag was determined during the measurements, by the second option of the protocol and the frequency was not recorded as the data were recorded by internal printing of control unit.
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6/30 2.1.1.1 Continuous expansion system The INRIM continuous expansion system [2] works in the range between 1·10 -6 Pa and 9·10 -2 Pa. It is mainly composed by a primary flowmeter [3] , a calibration chamber and a pumping chamber connected by a conductance C. The flowmeter is based on constantpressure and variable-volume method and it can generate and measure molar flow rate in the range between 10 -12 mol/s and 10 -7 mol/s.
The standard pressure p, generated in the calibration chamber, is given by [1] :
where q is the throughput generated and measured by the flowmeter, S eff is the effective pumping speed, F T is a correction factor for temperature, S p is pumping speed. T V is the mean temperature of the calibration chamber V 1 , T q the mean temperature of the flowmeter and T ref the reference temperature at which the conductance was calculated. The system is equipped with pressure and temperature transducers referred to INRIM interferometric manobarometer, INRIM static system and to ITS90 scale.
The combined standard uncertainty u(p) of the standard pressure generated by the continuous expansion system is: is equipped with pressure and temperature transducers referred to INRIM interferometric manobarometer and to ITS90 scale. The static expansion system is based on the ideal gas law in isothermal conditions:
where p 0 is the inlet pressure of gas in V 2 , p is the pressure of gas after the expansion of gas in V 1 and R is the expansion ratio between volumes (V 2 +V 1 ) and V 2 , which is periodically determined. In real conditions the gas expansion is not an isothermal process, so a temperature factor T V /T v has to be introduced:
where T V and T v are respectively the temperature of gas in V 1 and V 2 . The combined standard uncertainty u(p) of the standard pressure generated by the static expansion system is: 
CMI
The comparisons of the two SRG rotors were performed simultaneously. The enclosed unit and head were used for one rotor, our own unit and head were used for the other one. During the second day the heads and units were exchanged. There were observed noticeable shifts of the rotors offsets due to this exchange, but the accommodation coefficients remained unchanged. The care of the rotors was made according to the enclosed instructions. The rotors were not exposed to the atmosphere and there was a UPS unit used for the SRG2-CE/0 units power supplying.
Measurement
The actual SRG offset at the actual conditions was measured every time immediately after the measuring of the response for the measured pressure. The residual drag was measured at the average rotor frequency ω RD . This frequency differed from the average frequency ω DCR during the measurement of the response to the pressure. So the residual drags presented in the table of the results represent the estimations of the residual drags at the frequency ω DCR :
The RD(ω) dependences were studied and the following estimations of "A" were used for the RD correction as described above: A 43 = 1,07 · 10
A 72 = 5,23 · 10
The temperatures of the rotors was measured with the contact Pt1000 thermometers.
The reference standard
The pressure was generated by the dynamic expansion system (orifice flow standard). The admitted flow was measured by two constant pressure flowmeters designed A and B.
The overall expanded uncertainty of the generated pressure depends on the flowmeter used and the method of the orifice conductivity determination:
) Pa flowmeter B (small), molecular orifice conductivity 1,7 % of the measured value (1·10 −3 ÷ 1·10 ) Pa flowmeter A (big), transitional orifice conductivity 1,8 % of the measured value These expanded uncertainties (the uncertainty of the actual pressure and the uncertainty of the mean value of the deceleration) were stated in the table of results.
METAS
2.1.3.1 Reference system. METAS realizes the pressure from 0.01 mPa to 100 Pa using a static expansion system with up to four expansion stages. Each stage has a typical expansion ratio of 100. The last expansion stage has two expand scheme with expansion ratio of either 50 or 200. The maximum pressure reduction ratio is then 2·10 -8 . The initial pressure is regulated by a pressure generator PPC3 from DH-Instruments, the temperature of all the chambers is measured with an uncertainty of 0.1 K. The expansion process is automated and the closing time of the valves is optimized to avoid dynamic effects. The expansion ratio of each stage has been characterized using the technique by addition as well as by depletion. [5] . The system is made of stainless steel chambers connected with conflate gaskets. The valves use polymer gaskets for the sealing with the chamber.
Measurements.
The measurements have been made on the two SRG used as transfer standards at the same time. One of the SRG was connected to the MKS-SRG2 CE that was circulated and the other SRG was connected to an MKS-SRG2 that remained in METAS. On the second day of measurement the MKS-SRG2 units where swapped so that each SRG would be characterized using two different electronic units. The residual drag has been measured prior each measurement point. The value of the deceleration under pressure has been measured 5 times for pressure up to 30 mPa and 3 times for higher values. A linear regression is applied on the measurements points in order to compensate for possible outgassing at low pressure. The linear regression gives similar results to a mean value at high pressures. A spare SRG has been present on the system to assess the stability of the system. Unfortunately the stability of this reference sensor was not better than 1 % for technical reasons that have nothing to do with the stability of the primary standard.
Secondary level laboratories
IMBIH
Measurements were performed on a comparison calibration system by direct comparison with a reference SRG, which is traceable to PTB. The vacuum system is made of stainless steel components with Con-Flat connection flanges. Volume of calibration chamber is 10 L. System is pumped with a turbomolecular pump and a base pressure of the chamber is below 5x10 -7 Pa. The system is equipped with a quadrupole mass spectrometer for leak detection and analysis of residual gas composition. Calibration pressure is established by dynamic equilibrium of a flow of incoming gas (99.999 % pure nitrogen) and effective pumping speed of the pump for pressures below 3·10 -2 Pa. Above this pressure a static mode is used (pump is closed and the chamber is filled to the required pressure).
The uncertainty of reference pressure is estimated to:
The main components included in this uncertainty are:
(i) uncertainty of calibration at PTB (ii) estimated 1 year stability of accommodation coefficient (iii) uncertainty of temperature of calibration gas (iv) short term stability of offset correction, and (v) type A uncertainty of SRG readings.
Final report on the supplementary comparison Euramet.M.P-S7 In the 0,1 Pa range every measurement is a single reading (30 single readings for every pressure level). In the lower range every reading is an average of 10 readings (3 x 10 = 30). I wanted to get the same number (30) of readings for every point. But it was not possible to use 10 reading averaging on the range 0,1 Pa because then the ball was accelerated in the middle of the measuring process. I did not want it to accelerate then. And this is the reason for 30 single readings.
Estimation of measurement uncertainty
Then estimation of the measurement uncertainty was done according to the principles of GUM. The mathematical model used for the calculation is the spinning rotor gauge pressure equation, which is multiplied with the correction factor based to the calibration certificate. In addition, long time stability of the accommodation factor, uncertainty due to incomplete homogeneity of the vacuum chamber, resolution of the reference SRG and resolution of the transfer standard SRG were added. Uncertainty of the accommodation factor (σ) is from the reference SRG calibration certificate. Uncertainty of the sphere radius (a), sphere density (ρ) and M are from literature. Uncertainty for R is from NIST Codata. Uncertainty of temperature (T) was estimated by measuring it in the different locations around the vacuum chamber and compared the readings at the ones observed at the measuring head. The biggest difference was taken to calculation with rectangular distribution. Uncertainty for deceleration (dω/dωt) is a typical observed standard deviation of 10 readings for each pressure point and uncertainty for offset is the observed standard deviation in the measurements defining the value of offset. The correction factor, f(p ind ), is used for pressures higher than 0,01 Pa. Otherwise the value of the factor is 1. Uncertainty of the correction factor is from the calibration certificate. The accommodation factor long time stability (δ accstab ) is based to the results from calibration certificates from last four years. The biggest uncertainty component is the incomplete homogeneity of the vacuum chamber (δ chamber ). 
IMT
Calibrations were performed on the newly developed static expansion/comparison calibration system (SEC1) at IMT. This system is mainly intended for calibrations by direct comparison with reference vacuum gauges (SRG and CDG) in the range from 1x10 -5 Pa to 100 kPa.
Main calibration chamber has a cylindrical shape with a diameter of 200 mm and height of 300 mm. Volume of the chamber is approximately 10 L. It has six CF35 connection ports for vacuum gauges, located in one plane in the middle of the chamber. Additional small volume is connected to the calibration chamber, which enables "in-situ" calibration of reference gauges by primary static expansion method. Volume ratio is approximately 200. Initial pressure for expansion is measured with 100 kPa FS Quartz Bourdon Gauge which is traceable to a pressure balance RUSKA 2465A (Slovenian national standard), which is further traceable to PTB. Estimated standard uncertainty (k=1) of the generated pressure by static expansion is 0.17% in the range from 500 Pa down to 2 Pa (single expansion) and 0.3% from 2 Pa down to 0.01 Pa (double expansion).
The calibration method in this intercomparison was direct comparison of transfer standard SRGs with our reference SRG, which has been calibrated "in-situ" by static expansion method just before the intercomparison. Calibration range of the reference SRG was from 0. Residual drag was measured with the sampling interval 60 s for pressure points up to 0.03 Pa and with sampling interval 30 s above this pressure. At pressure points below 0.03 Pa the residual drag was re-measured at least before and after each series of three data points at given pressure. A mean of these two values was taken for "offset" correction. At pressure 0.03 Pa and above the uncertainty of residual drag becomes negligible, so it was measured only before 0.03 Pa measurement point and then checked after the highest point of 0.9 Pa.
Rotor frequency was kept in the interval from 405 Hz to 425 Hz.
Each measured SRG value (residual drag or pressure point) in our results table is a mean value of 10 successive readings. Reported uncertainties of deceleration rate are given as standard deviation of the mean value (type A).
The SRG controller for the Rotor G191872 was changed after the first day measurements. The suspension head remained the same and was not removed. There was negligible change in offset, but the effect of changing the controller is clearly seen in our results as a 0.1% change in accommodation coefficient (for the other rotor results are essentially the same for both days).
Since the measurements were performed as direct comparison of SRGs, the same value of temperature was entered into all controllers. The estimated uncertainty due to temperature difference of the reference SRG and transfer gauges is u(T)= 0.2 K (k=1).
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All the uncertainties in the results table are given as standard uncertainties (k=1).
EIM
Measurements were carried out through comparison to a reference SRG. Both standards were mounted to a vacuum chamber. The details of the equipment used are provided below: 
Uncertainty of the participants on the reference pressure
The average uncertainty of the participants on the reference pressure is summarised in table 2 and is depicted in Fig.1 . Two primary laboratories (INRIM and METAS) have smaller uncertainties than all the other participants. CMI has also a primary definition but has a larger uncertainty. The relative uncertainty at smaller pressure tends to increase due to degassing of the wall of the chambers, the influence of the residual drag of the SRG used as reference and the uncertainty due to multiple expansions. 
Fig 1:
Average of the relative uncertainty on the definition of the reference pressure by the participants plotted versus the pressure in Pa.
Transfer standard
The transfer standards consist of a pair of SRG kept under vacuum using a Varian all metal valve. The specifications of the transfer standard are listed in the table below. Some of the characteristics have not been measured but will be used as conventional values in order to determine the accommodation coefficient. A dynamometric wrench was also circulated and had to be used to close the all metal valve with the specified torque.
4
Method used for the measurements
Correction of the residual drag
Two techniques have been proposed for the determination of the residual drag of the SRG used for the correction of the deceleration measured under vacuum. A first technique is the measurement of the residual drag prior to the series of measurement at the different pressure steps. The measurement has to be repeated for several values of rotation speed to determine the correction to apply due to the rotation speed. A second techniques is the measurement of the residual drag before each measurement point. This second technique is well adapted to the measurements in a static expansion system as the SRG is under vacuum before each measurement.
Points of measurement.
The measurement have been performed at the 9 following value of pressure obtained using nitrogen: 1·10 The deviation of the effective pressure from the nominal pressure had to be less than 10% from the nominal value for points lower than 4·10 -2 Pa and less than 5% of the nominal value at higher pressure. Each laboratory had to repeat each measurement point at least three time in each calibration sequence. The calibration sequence will be repeated at least twice making a total of at least 54 measurement points. The temperature of the system had to stay within 21 and 23 °C.
Circulation of the transfer standard
The circulation of the transfer standard was organised with measurement by the pilot laboratory between each participant to assess the stability of the transfer standard. A cycle of measurement by a participant and then the pilot is called a petal. The effective circulation has been made according to the following schedule which differs slightly from the original schedule. The petals of the comparison are numbered according to the calibration number performed by the pilot laboratory. The petal 3 has no participant due to an unexpected problem. 
Collection of the results
The results communicated to the pilot laboratory included the residual drag, the uncertainty of the residual drag, the deceleration under the generated pressure, the temperature, the uncertainty on the temperature and the uncertainty on the reference pressure. Some additional values like the rotation speed have been included to make possible the correction of some unexpected influence factors but have not been needed for the determination of the reference value.
The results have been transmitted to a third party laboratory (LNE, Pierre Otal) once all the measurements had been finished in order to demonstrate the independence of all the participants.
5
Method used for the calculation of the reference value.
The mesurand of the comparison is the accommodation factor of two SRG sensor at different value of pressure. However for comparing the value measured by the different laboratories the values will have to be reduced to an unique reference value of pressure for each pressure step of the comparison. The values of the accommodation factor, for each participating laboratory, are given by:
Where i is the number of the spinning rotating gage j is the number of the nominal pressure k is the number of the measurement in the serie at that specific nominal value l is the number of the petal within the comparison and is also used to designate the NMI that did the measurement in the petal.
Influence of the reference pressure in the transition regime.
Since the value of accommodation factor is dependent of the pressure in the transition regime, the measured accommodation factors have to be corrected for the nominal value of pressure for measurement at nominal pressure 9.0·10 -2 Pa and above. A linear regression is then made on the measurement and the slope is used to correct the measurement.
Where:
̂ is the effective pressure P j is the nominal pressure j is the accommodation factor measured at the effective pressure ̂ 
The contribution to the uncertainty introduced by this correction will be neglected in the rest of the discussion as the ̂ are very closed from their respective p k .
Correction of the drift of the transfer standard
As the transfer standard is not stable during the whole time of the comparison, it is necessary to make the correction of the drift by using the measurements made by the pilot laboratory.
Ideally it would be required to perform at the same time as the measurement in each laboratory a measurement of the SRG by the pilot laboratory. As this is not possible one has to rely on the average value of the measurement made by the pilot laboratory, before and after each participating NMI. The value of the accommodation does not change in the molecular regime. It has been decided to calculate an average value used for all measurements made at a nominal pressure of 3. The value of the accommodation factor at pressure above 3.0·10 -2 Pa is calculated for each pressure point.
For each participating NMI a value for the accommodation factor given by the pilot laboratory has been calculated my taking the average value:
Pressure value for a participating laboratory
The pressure realized in the participating laboratories has been calculated based on the average response of the sensor measured before and after the participating NMI by the pilot laboratory. In a first step, the average response of the SRG is calculated:
Then the measured pressure is:
Where l is the number of the petal where the NMI is involved.
Reference value for a participating laboratory
The reference value for a participating laboratory is the weighted mean value of the reference value for each SRG. It is weighted by the combination of the type A uncertainties. This way of doing has the advantage that if an SRG had a large drift and the other was stable during the transport, the result of the participating laboratory is less affected by the unstable SRG. 
Pressure value for the pilot laboratory
The pressure determined by the pilot laboratory is taken as an average value before and after each participating NMI. Then the pressure measured by the pilot laboratory for each loop of the comparison is given by:
It should be mentioned that for nominal pressure above 3.0·10 -2 Pa the value of the pressure of the pilot laboratory is always the nominal pressure.
Finally the pressure value of the pilot laboratory is given by the weighted mean value of the reference pressure for all the petals. The weight coefficient is the combination of all the type A uncertainties. 
Reference value for the pilot laboratory
The reference value of the pilot laboratory is obtained like for the participating NMI's, through a weighted mean value in which the weight coefficient is the combination of the type A uncertainties: Where l designate the NMI's selected to provide the reference value according to the number of the petal where the NMI did its measurement.
Normalization of the reference value
The reference value given in equation 17 is slightly biased because in equation 10 we take only the accommodation coefficient defined by the pilot. It is allowed to multiply by the same ratio all the reference pressure for all the participants without affecting the uncertainty of the comparison. This way it is possible to have as reference pressure of the comparison the nominal pressure. The coefficient of normalization is given by the weighted mean value among the laboratories who take part to the definition of the reference value.
( )
And this way, the new reference value is equivalent to the nominal value:
Relative deviation to the reference value.
Due to the large span of value of pressure in this comparison, it is more convenient to express the deviation relative to the nominal value rather than in absolute number. This deviation is given by the following expression:
Degree of equivalence
Finally the degree of equivalence gives the ratio between the deviation and the uncertainty of the deviation. The degree of equivalence is given by:
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Method used for the determination of the uncertainty.
Uncertainty on sigma measured by the participants
In the following discussion the measured quantity has sometimes been replaced by the presumed value of this quantity (for example the effective pressure seen by the sensor has been replaced by the nominal value of the pressure). This is for the simplification of the calculation and has only a negligible effect on the uncertainty calculation as both values are much closed.
Equation of the SRG
The value of sigma is determined by using the relation between the deceleration and the pressure including the influence factors (temperature, residual drag)
For clarity we will rewrite it by putting all the constant together:
And the constant K is then given by:
The constant is the same for both SRG as it is some kind of conventional value that will affect the accommodation factor a similar way for all the participants. The uncertainty of the sigma measured by the participants is estimated by taking into account the uncertainty of the generated pressure as provided by the participants, the uncertainty on the residual drag, the uncertainty on the temperature of the SRG as well as the standard deviation of the set of sigma measured.
Uncertainty on K
The uncertainty on the constant K has an influence on the calculation of the accommodation factor sigma. The factor K is however used by all the participants and this way this uncertainty is correlated over all the participants. It is then cancelled in the calculation of the pressure measured by the participants.
Uncertainty of the reference pressure
The uncertainty on the generated pressure has been provided by the participants for each measurement point. As the value of the relative uncertainty is almost insensible to slight change of pressure and as the values provided by the participants are similar from one cycle of measurement to another, an absolute uncertainty for each nominal pressure has been calculated. This uncertainty is a type B uncertainty and the sensitivity coefficient evaluated at the nominal pressure P j is given by:
Contribution due to the uncertainty on the temperature
The collision rate is dependant of the temperature, an uncertainty on the temperature of the 
Contribution due to the uncertainty on the residual deceleration
The residual deceleration at zero pressure is determined and used to correct the deceleration measured when the SRG is exposed to the gas. The sensitivity coefficient of the residual drag is given by:
Standard deviation of the value calculated for sigma
The standard deviation of a set of sigma for a given SRG and a given nominal pressure is a type A uncertainty. It is generated by the repeatability of the measurement of the DCR due to non-systematic errors. This standard deviation has been corrected as explained by Kacker and Jones [6] to obtain the contribution to the uncertainty of sigma:
is the number of measurements s:
is the standard deviation
Finally the uncertainty on the accommodation factor is given by:
It is useful for the calculation of the weighted mean value to determine the combination of the type A uncertainties to the accommodation coefficient. 
The minimal value for the uncertainty has been set to 0.0015 as a same value before and after a given NMI could also involve some canceling of the drift. This definition has also already been used in previous comparisons. [x,y]
Uncertainty on sigma measured by the pilot
The uncertainty of the accommodation coefficient determined by the pilot laboratory is slightly different from uncertainty on the coefficient of the participating NMI's as the value of the pilot is an average value of two measurements. We make the assumption that the value of the uncertainty is the same for each cycle of measurement of the accommodation factor. The terms that correspond to type B uncertainty are unchanged while the terms of type A are slightly reduced due to the larger number of measurement:
) 
Uncertainty on the reduced pressure for the participants
The uncertainty on the reduced pressure can be easily treated as an incoherent addition of the relative uncertainty on the accommodation factor measured by the participating NMI and given by the pilot laboratory:
Once again, the calculation of the combination of the type A uncertainty used for the weighted mean is given by:
1 , ,
6.5 Uncertainty on the reduced pressure for the pilot, for one petal The calculation of the uncertainty of the pilot on one petal is similar to the calculation for the participants, the only difference is the definition of the accommodation factor determined by the pilot which is the average value of two measurements.
The combination of the type A uncertainties is given by: 
Finally, the uncertainty on the reference value of pressure, for a given SRG obtained, obtained by the weighted mean value of the measurements of the 5 petals ( ) 
Is the combination of the uncertainties of type A.
Uncertainty on the reference value of a participant
The uncertainty of the reference pressure of a given NMI for a given step of the comparison is given by: The uncertainty on the normalized reference values given by Eq. 19 is similar to Eq. 42 as the coefficient is closed to 1.
Uncertainty on the relative deviation
The uncertainty on the relative deviation calculated by Eq. 19 is given by Cox [7] and is as follow for the laboratories participating to the definition of the reference value:
The results of all the participants, including all the measurements made by the pilot are presented in table 5 and 6. The accommodation coefficient versus pressure is displayed in Fig 2 and 
Fig. 2:
Accomodation coefficient measured on the SRG A by the different participants.
Fig 3:
Accommodation coefficient measured on SRG B by the different participants.
Measurements of the pilot laboratory and stability.
The transfer standard has been measured by the pilot laboratory before the circulation, between each participant and after the circulation. It was not possible to extend the stability measurement before the comparison as the two SRG originally planned for this work had been dropped while in rotation due to a failure of the controller. The stability of the transfer standard is presented in relative unit respective to the value of the initial measurement in Fig.1 . The stability over a period of two years is in the order of 2 %. The stability between two successive measurement by the pilot laboratory is 10 times better, in the order of 0.2 %. A large change in the accommodation coefficient of the transfer standard A (SRG G191872) between April and July 2009 has some influence on the uncertainty of the reference value used in that petal. The uncertainty on the reference value of the laboratory involved in that petal, is however only marginally diluted due to the weighted mean and the uncertainty as given by equation 40.
Fig. 4:
Accommodation coefficient relative to the initial value for the SRG A (red) and B (blue). The numbers on the horizontal axis denote the successive measurements performed by the pilot during the time of the comparison.
Reduction to a reference value
The determination of a reference value has been made on the base of the three primary laboratories of the comparison ( CMI, INRIM and METAS). The relatively large difference between their respective uncertainties should not be a problem as the weighted mean should not lead to a dilution of the reference value. The consistency check defined by Cox [7] using the chi squared function has been applied to the three laboratories contributing to the reference value and it has been fulfilled with success.
The normalised reference pressure as given by Eq. 18 for each participant and the associated uncertainties as given by Eq. 40 and 41 are presented on table 7.
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Difference and uncertainty respective to the reference value.
The relative differences to the reference value as given by Eq. 20 and the associated uncertainty are summarised in table 8. A more visual presentation of the relative deviation is presented on Fig. 5 . It is obvious that for most of the participants it is challenging to keep a small relative deviation at small pressure.
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Fig. 5:
Relative deviation respective to the reference pressure for all the participants. The deviation of EIM at 0.1 mPa is not present on the graph.
Degree of equivalence.
In order to understand the importance of the deviation relatively to the uncertainty it is necessary to determine the ratio between the deviation and the uncertainty. This is done using the Eq. 21 for the determination of the degree of equivalence. The values for all the participants are presented in table 9 while the same results are presented in Fig. 6 . At this point it is important to note that all the participants have an equivalent definition of the pressure as the value for the degree of equivalence lies within -1 and 1. 
Link to key comparison.
This comparison is a pilot comparison for the project CCM.M.P.K-14 as defined in the document CIPM MRA-D-05 [8] and the experience gained in this work has been profitable to the success of CCM.P.K-14. It is planned to link the reference value of this comparison to the reference value of CCM.P.K-14 once the report will be published. This will however not change the official status of this work as supplementary comparison for the CCM.
